faster than the induced proton uptake, the observed rate decrease must be caused by an inhibition of the proton transfer. The Glu-L2123 Gln mutant reaction centers displayed greatly reduced amplitudes of proton uptake and exhibited no changes in rates of proton uptake or electron transfer upon Zn 2؉ binding. Therefore, metal binding specifically decreased the rate of proton transfer to Glu-L212, because the observed rates were decreased only when proton uptake by Glu-L212 was required. The entry point for the second proton H ؉ (2) was thus identified to be the same as for the first proton H ؉ (1), close to the metal binding region Asp-H124, His-H126, and His-H128.
T he reaction center (RC) from the photosynthetic bacterium
Rhodobacter sphaeroides is a membrane-bound protein complex that catalyzes the reduction and protonation of a quinone molecule (Qϩ2e Ϫ ϩ2H ϩ 3QH 2 ) by using sunlight as the energy source (1, 2) . The protons required for the reduction of the quinone to quinol come exclusively from the cytoplasmic side of the membrane. When the ubiquinol is reoxidized by another membrane protein, the bc 1 complex, protons are released on the periplasmic side of the membrane, creating a proton gradient that is used by the bacterium for ATP synthesis (3) .
The double reduction of the quinone takes place in two sequential light-induced electron transfer reactions labeled k AB (1) and k AB (2) and involves the uptake of two protons, H (pH 8.5)] has been shown not to be limited by the intrinsic electron transfer rate but by a conformational change in the protein (4) , which was suggested to involve movement of the Q B molecule into the binding pocket (5) or structural changes involving protonation events (6) . Furthermore, the rate of k AB (1) has been shown to be slowed down in the presence of Zn 2ϩ (7, 8) and Cd 2ϩ (8) . This decrease in k AB (1) was attributed to a decrease in the rate-limiting conformationally gated step and͞or internal proton rearrangement. These hypotheses concerning the rate-limiting step of k AB (1) in native and Zn 2ϩ -bound RCs were re-examined in this work. Although neither the reduction of Q A nor the first electron transfer from Q A Ϫ to Q B involves direct protonation of the quinones, there is a fractional proton uptake from solution to the RC in both the D ϩ Q A Ϫ and the D ϩ Q B Ϫ states caused by shifts in the pKas of amino acid residues interacting electrostatically with the quinones (6, (9) (10) (11) . Reduction of Q B is accompanied by a larger proton uptake than reduction of Q A (10, 11) . The extent of proton uptake in response to reduction of either quinone has a complex pHtitration curve, indicating contribution from several amino acid residues with different pKas (10, 11) . At higher pH (pH Ͼ 8), Glu-L212 was shown to be primarily responsible for the proton uptake, as evidenced by the much smaller proton uptake in the Glu-L2123Gln mutant RCs (12) (13) (14) (15) (16) .
The rate of proton uptake to D ϩ Q B Ϫ is identical to k AB (1) , and similar to the rate of proton uptake to D ϩ Q A Ϫ , suggesting a common rate-limiting step (6) .
The second light-induced electron transfer to Q B occurs after reduction of D ϩ by cytochrome c 2 (step 4 in Fig. 1 ). This electron transfer reaction [k AB (2) ] leads, in contrast to k AB (1) , to direct protonation of the reduced quinone (step 5 in Fig. 1 ). The k AB (2) 
has been shown (17) to be composed of reversible binding of H ϩ (1), taken up from the cytoplasm, followed by rate-limiting electron transfer, followed by fast binding to Q B H Ϫ of H ϩ (2) transferred internally from the protonated Glu-L212 (step 6 in Fig. 1) (16, 18) .
The Q B molecule is located in the interior of the RC without direct contact with the outside solution. Consequently, there is a need for proton-transfer pathway(s) from the cytoplasm to the quinone-binding site. Several putative proton transfer pathways consisting of protonatable amino acids and͞or water molecules leading from the cytoplasm to the quinone-binding site have been identified in the x-ray structures of the RC (19) (20) (21) .
The pathway for H ϩ (1) has been shown by site-directed mutagenesis to involve Asp-L213 (16, 22, 23) , Ser-L223 (24), Asp-L210 and Asp-M17 (25) . More recently the entry point for H ϩ (1) was identified by using the inhibitory effect on proton transfer by metal ions Zn 2ϩ and Cd 2ϩ that bind to the surface of the RC at His-H126, His-H128, and Asp-H124 (8, 25, 26) .
Much less was known about the pathway for H ϩ (2). Sitedirected mutagenesis has shown that H ϩ (2) is supplied to reduced Q B by Glu-L212. However the pathway to Glu-L212 was not known. To investigate the pathway for H ϩ (2), we measured the effect of metal ion binding on proton uptake to Glu-L212 by using pH-indicator dyes. Proton uptake was measured on both Q A Ϫ and Q B Ϫ formation to determine whether the rate-limiting steps for these two different reactions were the same. The involvement of Glu-L212 in the proton uptake was corroborated by using mutant RCs in which Glu-L212 was replaced by Gln (12, 15) . In addition, we measured the rate of the first electron transfer from Q A Ϫ to Q B , k AB (1) , to determine the rate-limiting step of this reaction in the presence of bound metal ions.
Materials and Methods
Reagents and Quinones. Coenzyme Q 10 was obtained from SigmaAldrich, prepared in ethanol, dried under nitrogen, and solubilized in 1% lauryl-dimethylamine-N-oxide. Terbutryn was obtained from Fluka and prepared in ethanol. Phenol red and m-cresol purple were obtained from Sigma-Aldrich.
Preparation of RCs. RCs from the R. sphaeroides strain R26.1 were purified to a ratio A 280 ͞A 800 of 1.2 in lauryl-dimethylamine-Noxide as described (27) . The Q B site was reconstituted by addition of 3-4 times excess coenzyme Q 10 in 1% lauryldimethylamine-N-oxide followed by dialysis against 15 mM Tris, 0.1 mM EDTA, and 0.04% ␤-D-dodecylmaltoside. The RCs were stored at Ϫ80°C. Construction and preparation of the GluL2123Gln mutant RC were described (18) .
Electron Transfer Measurements. Absorbance changes in response to a laser flash were measured by using a set-up of local design (28) . Actinic illumination was provided by a Nd-YAG laser (Opotek, Carlsbad, CA). The RC concentration was determined from the absorbance at 802 nm by using ϭ 288 mM Ϫ1 (29, 30) . The absorption changes caused by D ϩ Q A Ϫ formation were accounted for by subtracting the optical changes in the presence of terbutryn. The second electron transfer k AB (2) was determined by monitoring the decay of the semiquinone absorption at 450 nm after a second laser flash in the presence of an external reductant (20 M horse heart cytochrome c) (31) .
Proton Uptake Measurements. To observe the pH change that occurs on proton uptake, the buffering capacity of the sample was reduced by passing the sample over a Sephadex column (PD-10, Amersham Pharmacia) equilibrated with 50 mM KCl, 0.04% ␤-D-dodecylmaltoside. Proton uptake at pH 8.5 in the unbuffered sample supplemented with 40 M of the pHsensitive dye m-cresol purple was measured at 580 nm ( max of the deprotonated dye). At lower pH (pH 7.0-8.0) the dye phenol red ( max ϭ 560 nm) was used. The signal-to-noise ratio was improved by averaging 5-15 traces. The absorbance changes not caused by the dye response were accounted for by subtracting the signal obtained after addition of 5-10 mM Tris (or Hepes at pH Ͻ 8) buffer, which eliminates pH changes. The signal of the dye was calibrated in terms of the change in proton concentration by addition of known amounts of HCl, typically 3 l of 1.0-2.0 mM HCl. The Q B inhibitor terbutryn was used to measure proton uptake in response to forming D ϩ Q A Ϫ .
Results
Proton Uptake. Proton uptake in response to formation of D
was measured in isolated RCs from R. sphaeroides by using pH-sensitive dyes. It has been shown that Glu-L212 is the major contributor to this proton uptake at pH Ͼ 8 (12, 15) . Because we are interested in assessing the transfer of H ϩ (2) to Glu-L212 we measured proton uptake at pH 8.5.
Proton uptake upon formation of D ϩ Q A Ϫ was measured after addition of the electron transfer inhibitor terbutryn. Reduction of Q A after a single laser flash occurs with a rate of Ϸ10 were (see Fig. 2A )
10 M Zn 2ϩ : k Hϩ (obs) ϭ 650 Ϯ 65 s Ϫ1 .
[1b] by the amino acid (or cluster of amino acids) A. At pH Ͼ 8, A is predominantly Glu-L212. In step 3 the electron on QA is transferred to QB (k AB (1) ), concomitant with additional fractional proton uptake (). In step 4 there is a second light-excited electron transfer from D to QA that involves several steps as in step 1. In step 5 the second electron transfer from Q A Ϫ to QB (k AB (2) ) takes place. k AB (2) is coupled to the uptake of H ϩ (1) to the QB headgroup. In step 6, the second proton, H ϩ (2), is transferred internally (from Glu-L212) to QB forming quinol, which in step 7 dissociates from the RC. A second quinone binds, completing the cycle.
The amplitude, † ␦H ϩ (step 2 in Fig. 1 ] (data not shown). In the Glu-L2123Gln mutant RCs, the amplitude of proton uptake at pH 8.5 was decreased Ϸ4-fold, confirming previous observations (12, 15) . No significant changes in rate or amplitude were observed upon Zn were (see Fig. 2C ):
The amplitude, † H ϩ (step 3 in Fig. 1 ] (data not shown).
In the Glu-L2123Gln mutant RCs, the amplitude of proton uptake was decreased Ϸ8-fold (Fig. 2D) , confirming earlier observations (12) . No significant changes in rate or amplitude were observed upon Zn became smaller, and for pH Ͻ 7 the effect disappeared (data not shown).
The effects of the added metal ions could be reversed at all pHs by addition of EDTA at concentrations above that of the metal ions.
؊ . The rate of electron transfer k AB (1) was measured by monitoring the absorbance change at 750 nm of the bacteriopheophytins occurring in response to changing the charged states of the quinones (29, 30) . The measured rate constants in the absence and presence of Zn 2ϩ were (Fig. 3A) :
These are the same rate constants as those for proton uptake upon formation of D ϩ Q B Ϫ (Eq. 2). No effect of Zn 2ϩ on the amplitude of the signal was observed. Slower rates (the same as those for D ϩ Q B Ϫ proton uptake) were seen upon addition of Cd
] (data not shown). In the Glu-L2123Gln mutant RCs, the rate constant for k AB (1) was 3,300 s Ϫ1 at pH 8.5, the same as in native RCs (Fig. 3B) as reported (16, 18) . In the mutant RCs k AB (1) was unaffected by the binding of Zn 2ϩ (Fig. 3B) .
As the pH was lowered below pH 8.5 in native Zn 2ϩ -bound RCs, the kinetics became biphasic, with the metal-sensitive fraction decreasing with decreasing pH (data not shown). At pH 6.5, the kinetics were essentially unaffected by the binding of † The difference in amplitudes of proton uptake observed in this study compared with those published in ref. 10 are attributed to the presence of terbutryn in the QB site and to the use of different detergents. (data not shown). The rate of the metal-sensitive fraction increases with decreasing pH, in contrast to native Zn 2ϩ -free RCs where k AB (1) is essentially pH-independent below pH 8.5 (data not shown) .
As in the case of the proton uptake measurements, the effects of the added metal ions could be reversed by addition of EDTA at concentrations above that of the metal ions.
To confirm that the metal ions were bound to the native RCs at low pH and to the Glu-L2123Gln mutant RCs for which no metal effect on k AB (1) was observed, k AB (2) was measured in the presence of Zn . It was found to have decreased in agreement with previous observations (8) , indicating the presence of a bound metal ion. Charge recombination rates k AD and k BD , measured at pH 8.5, remained essentially unchanged upon addition of Zn 2ϩ and Cd 2ϩ , confirming previous observations (8) .
Discussion
The main motivation for this study was to determine the entry point for transfer of the second proton H ϩ (2) to Q B , the entry point for the first proton having been determined earlier (8, 26) . It has been shown by site-directed mutagenesis that Glu-L212 supplies the second proton, H ϩ (2), to Q B (12, 16, 18) . Consequently, a study of the protonation of Glu-L212 should shed light on the pathway and kinetics of the uptake of H ϩ (2). Two types of processes were used to assay the protonation of Glu-L212. One was proton uptake from solution after the one-electron reduction of either Q A or Q B , and the other was the electron transfer k AB (1) (Q A Ϫ QB3Q A Q B Ϫ ). All of these processes are inhibited by divalent metal ions such as Zn 
Q B
Ϫ results in proton uptake as shown in Fig. 2 A and C. This uptake is associated with the protonation of Glu-L212 as shown by the greatly reduced amplitude of proton uptake in mutant RCs in which Glu-L212 had been replaced by Gln (Fig. 2 B and D and see refs. 12 and  15 ). The origin of the proton uptake is a shift in the pKa of Glu-L212 caused by the negative charges on Q A Ϫ and Q B Ϫ , respectively. Because Glu-L212 is closer to Q B (Ϸ5 Å) than to Q A (Ϸ15 Å), the electrostatic interaction and hence the pKa shift is larger, resulting in a larger proton uptake upon D , Eq. 2b) are not identical. This can be explained by the fact that the magnitudes of the proton uptake, and thus the final equilibria of Glu-L212, are different (see Fig. 2 A and C) -bound RCs comes from the observation that the initial rates (which have no contribution from k -Hϩ ) are the same (see Fig. 2 A and C) .
The mechanism of the reduced proton uptake rates by the metal ions could be either through the introduction of an electrostatic barrier, an inhibition of protein dynamics important for proton transfer [see section on k AB (1) below], or the elimination of potential proton donors like His-H126 and His-H128, to which the metal is known to bind (26) . Evidence for the latter comes from experiments on RCs in which both His residues were replaced by nonprotonatable residues (Ala). ‡ The proton uptake rate at pH 8.5 in these mutant RCs was similar to the rate in native Zn 2ϩ -bound RCs (unpublished results). Thus, the binding of a metal ion to the His residues removes their capacity to donate protons, as does their replacement by Ala.
Metal binding causes, in addition to the reduced rate of proton uptake, an increase in its amplitude (see Fig. 2 A and C) . A simple explanation for this increase would be a decrease in the pKa of Glu-L212 caused by metal binding. However, we rule out this interpretation as discussed in the next section. The increase in proton uptake from solution can be understood in terms of interactions between the metal ion and a pool of protons bound to internal acid residues such as Asp-L210, Asp-M17, Asp-L213, and Glu-H173, as well as the metal ligands His-H126, His-H128, and Asp-H124. These residues are partially protonated and provide an internal source of protons to Glu-L212. The bound metal interacts electrostatically with these residues, thereby ‡ Beatty, J. T., Paddock reducing their pKas. Consequently, fewer residues are protonated, reducing the source of internal protons to Glu-L212. This loss is compensated for by an increased uptake from solution.
Calculations have shown that in particular the protonation state of Asp-L210 is affected by changes in its vicinity (32) . An alternate way to assess the protonation of Glu-L212 is to measure the electron transfer rate k AB (1) , because this process occurs only when Glu-L212 is protonated. This conclusion was arrived at from the observation that in Glu-L2123Gln mutant RCs, k AB (1) is pHindependent and has the same value as in native RCs at pH ϽϽ 8 (16, 18) . Subsequent calculations have corroborated that conclusion (32, 33) . In native RCs at pH Ͼ 8, when Glu-L212 is deprotonated before electron transfer, k AB (1) decreases drastically (9, 28) . It is in this region that k AB (1) is inhibited by binding of metal ions (Fig. 3 and Eq. 4) . We can represent the k AB (1) reaction, in analogy to k AB (2) (8, 17) , as a two-step process:
where k c is the rate of protein dynamics preceding electron transfer, and Glu is Glu-L212. From Eq. 4, it follows that when protein dynamics, k c , is the rate-limiting step, k AB (1) ϭ k c ϫ f(Glu-H), where f(Glu-H) is the fraction of RCs having Glu-L212 protonated. When proton uptake is rate-limiting,
In native RCs at pH ϽϽ 8, where f(Glu-H) is 1 (as well as in Glu-L2123Gln mutant RCs), k AB (1) is pH-independent and protein dynamics, k c , is the rate-limiting step, i.e., (k Hϩ ϩ k -Hϩ ) ϾϾ k c . A detailed mechanism accounting for protein dynamics to affect k AB (1) is not known, but could involve reorientation of water molecules or other polar groups. The movement of Q B from its distal to proximal position (5), which was proposed earlier to represent the rate-limiting step (4, 5), can be ruled out by recent experiments that showed that k AB (1) was unchanged in mutant RCs (34) , in which Q B was already in the proximal position before reduction (35) . Metal binding does not affect protein dynamics, k c , as shown by the lack of metal effect on k AB (1) in the GluL2123Gln mutant RCs (see Fig. 3B ), as well as the lack of effect on k AB (1) in native RCs at lower pH. This is contrary to previous proposals that the metal affects protein dynamics associated with electron transfer or quinone movement (7, 8) .
Above pH Ͼ 8, k AB (1) decreases in native RCs. This could be due either to a reduction in f(Glu-H), or to proton transfer k Hϩ becoming rate-limiting. In the presence of metal ions a further drastic reduction in k AB (1) is observed (Fig. 3A) . What is the mechanism for this reduction in k AB (1) ? The metal does not affect k c as discussed above. In principle, metal binding could affect f(Glu-H) by decreasing the pKa of Glu-L212. However, we rule this possibility out for two reasons: First, the rate and pH dependence of k BD (D ϩ Q B Ϫ 3DQ B ), which is sensitive to the pKa of Glu-L212 (16, 18) , has been found to be essentially unaffected by the metal (see Results and ref. 8) . Second, the rates of k AB (1) and proton uptake are even slower with Cd 2ϩ than with Zn 2ϩ bound, whereas the amplitude of proton uptake is the same. The slower rate with Cd 2ϩ would imply an even larger decrease in the pKa of Glu-L212, which would result in a larger extent of proton uptake. Because this is not observed, we exclude this possibility. We therefore conclude that the rate-limiting step of Eq. 4 in the presence of a bound metal ion is the rate of proton uptake from solution k Hϩ , i.e., k Hϩ ϽϽ k c .
In the intermediate pH region (pH 7-8) in which Glu-L212 is partially protonated, we observe biphasic kinetics in Zn 2ϩ -bound RCs. This is predicted by Eq. 4 when proton transfer is ratelimiting. The fast phase with rate constant k c is caused by the fraction of the RCs that have Glu-L212 protonated, and the slow phase is caused by the fraction of RCs that have Glu-L212 ionized, requiring rate-limiting proton transfer k Hϩ . binds to His-H126, His-H128, and Asp-H124 (see Fig. 4 ), defining the entry point for the transfer of H ϩ (2) to be near the suggested P3 pathway (21). This is the same entry point as that found for H ϩ (1) (8), making it the common, unique entry point for both protons used for the reduction of quinone to quinol. The involvement of this surface region in proton transfer is further supported by the experiments in RCs lacking the His-H126 and His-H128 mentioned above.
The transfer of H ϩ (1), as determined from the value of k AB (2) , also involves Asp-M17 and Asp-L210 (Fig. 4) (25) . This was shown by a decrease in k AB (2) in the presence of Cd 2ϩ when either Asp-M17 or Asp-L210 was replaced with Asn. The same study showed that in Cd 2ϩ -inhibited RCs, k AB (1) was also decreased in those mutant RCs. This supports our conclusion that in the metal-inhibited RCs proton transfer becomes rate-limiting for k AB (1) as well as k AB (2) , and further suggests that the pathway for the transfer of H ϩ (2) from solution to Glu-L212 also involves § It should be noted that proton transfer to Glu-L212 from the internal pool of protons discussed in the previous section is likely to have a much faster rate than kHϩ and may be important in understanding the details of the k AB (1) reaction in native RCs. (26) . In the absence of metal ions, the positions of the circled and boxed stars are occupied by water molecules. The illustration was made by using the programs MOLSCRIPT (36) and RASTER3D (37) .
Asp-M17 and Asp-L210. Whether Asp-L210 or Asp-L213, the amino acid closest to Glu-L212 (Fig. 4) serves as the branch point for H ϩ (2) remains to be determined. In either case, the transfer to Glu-L212 likely involves water molecules, because the distance from either Asp-L213 (Ϸ7 Å) or Asp-L210 (Ϸ8 Å) is too large for direct transfer. (8) . This suggests that the rate-limiting step of the proton uptake is an intraprotein transfer, because the rate of a diffusion-controlled reaction should be the same for the two processes. The observed difference in the rates could be explained by the Marcus theory for proton transfer (38) , which shows that there are two important parameters for the rate of transfer. The first is the activation energy, which involves a reorganization energy and the pKa difference between the proton donor and acceptor. The second is the work term, which describes the energy cost to align the components of the proton transfer chain to facilitate the proton transfer. For our situation, both the activation energy and the work term are likely to be different for the transfer of H ϩ (1) and H ϩ (2) because the pKas of Q B Ϫ and Glu-L212 are quite different [⌬pKa ϭ 4-5 (16, 18, 39) ] and parts of the pathways follow structurally different routes (Fig. 4) . Which of these terms accounts for the observed difference in rates remains to be determined.
The above argument also can be used to explain why the rates depend on the identity of the bound metal ion if we consider the possibility that the metal-bound water͞hydroxide could be the proton donor in the rate-limiting step. As the pKas of these metal-bound hydroxides differ, the rates are expected to be different.
To understand the details of proton transfer reactions in proteins one needs to identify the proton donor and acceptor components of the pathway. In this study, we identified components of the transfer pathway for H ϩ (2). We are, therefore, in a position now to systematically investigate the parameters that characterize each step in the proton transfer reaction, e.g., by using site-directed mutagenesis to vary the pKa (and hence the driving force) of the amino acid residues in the pathway or by the use of external proton donors with different pKas, such as imidazoles. Such studies should help elucidate the relative importance of the activation energy and the work term. Experiments along these lines have been performed on carbonic anhydrase (refs. 40 and 41, reviewed in ref. 42 ).
Summary
We have determined the entry point of the pathway for H ϩ (2) to the reduced quinone, Q B , as the region around His-H126, His128, and Asp-H124 (Fig. 4) . The logic of the approach was as follows:
(i ) The second proton, H ϩ (2), is supplied to reduced Q B by Glu-L212 (12, 16, 18) .
(ii ) We measured the rate of protonation of Glu-L212 after the reduction of Q A and Q B and the electron transfer rate k AB (1) (Q A Ϫ Q B 3 Q A Q B Ϫ ), which depends on the protonation of Glu-L212. (Fig. 4) .
